Coral reefs are among the most diverse, complex and densely populated marine ecosystems. 30 31 32 33 34 35 157 frames (ORFs) ≥100aa long (github.com/TransDecoder/TransDecoder), the largest ORF was 158 compared to the NCBI nr database using Blastx. In addition, we used the tools Trinotate 159 Medicine, Weizmann Institute of Science, for sequencing. Computations presented in this 595 work were performed on the Hive computer cluster at the University of Haifa, which is partly 596 funded by ISF grant 2155/15. 597 598
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To survive, morphologically simple and sessile cnidarians have developed mechanisms to 13 catch prey, deter predators and compete with adjacent corals for space, yet the mechanisms 14 underlying these functions are largely unknown. Here, we characterize the histology, toxic 15 activity and gene expression patterns in two different types of tentacles from the 16 scleractinian coral Galaxea fascilcularis -catch tentacles (CTs), used to catch prey and deter 17 predators, and sweeper tentacles (STs), specialized tentacles used for territorial aggression. 18 STs exhibit more mucocytes and higher expression of mucin genes than CTs, and lack the 19 ectodermal cilia used to deliver food to the mouth and remove debris. STs and CTs also 20 express different sensory g-protein coupled receptors, suggesting they may employ different 21 sensory pathways. Each tentacle type has a different complement of stinging cells 22 (nematocytes), and the expression in the two tentacles of genes encoding structural 23 nematocyte proteins suggests the stinging cells develop within the tentacles. CTs have higher 24 neurotoxic and hemolytic activities, consistent with a role in prey capture, whereas the STs 25 have higher phospholipase A2 activity, which we speculate may have a role in inducing tissue 26 damage during territorial aggression. The toxin genes expressed in each tentacle are also 27 different. These results show that the same organism utilizes two distinct tentacle types, 28 each equipped with a different venom apparatus and toxin composition, for prey capture and 29 defense and for territorial aggression.
Introduction: 36 Competition for space among sessile organisms is a common process in the coral reef 37 environment. The constant battle for space, where each organism aims to obtain the optimal 38 access to light, nutrients and food, has resulted in the development of diverse competitive 39 strategies among reef organisms, including the scleractinian corals that form the physical 40 structure of the reef (Chadwick & Morrow, 2011; Connell et al., 2004) . As a result, territorial 41 aggression between corals strongly affects the community competition and resulting reef 42 structure (Jackson & Buss, 1975) . 43 Scleractinian corals employ several methods for territorial aggression (reviewed by 44 (Chadwick & Morrow, 2011; Lang & Chornesky, 1990 ; R. B. Williams, 1991), for underwater 45 videos of some of these encounters see (Mullen et al., 2016) ). Aggressive encounters can 46 operate over a distance, when mediated by water-borne allelochemicals (Atrigenio, Ali, #xf1, 47 o, & Conaco, 2017; Fearon & Cameron, 1997) . At closer range, mucous produced by solitary 48 polyps of the family Fungiidae can cause the degradation of adjacent corals (Chadwick, 49 1988), whereas overgrowth of slow-growing corals by faster-growing ones, reducing the 50 access to light and food, can also be considered a form of aggression (Chadwick & Morrow, 51 2011). Finally, when two corals come into direct physical contact, they may attack each other 52 using their mesenterial filaments (which are usually used for digestion, (Lang, 1973)), 53 "sweeper polyps" (Peach & Hoegh-Guldberg, 1999) or specialized aggression appendages 54 termed sweeper tentacles, which are the focus of the current study. 55 Sweeper tentacles (STs) develop on the periphery of coral colonies belonging to several 56 different scleractinian families (R. B. Williams, 1991), and have been observed also in black 57 corals (Goldberg, Grange, Taylor, & Zuniga, 1990) and gorgonian sea fans (Sebens & Miles, 58 1988). In the scleractinian coral Galaxea fascicularis, STs likely develop from the catch 59 tentacles used for feeding (CTs), since intermediate stages, presenting the features of both 60 catch and sweeper tentacles, can sometimes be observed (Hidaka & Yamazato, 1984) . The 61 morphogenesis of STs occurs over several days to weeks following the initiation of contact 62 with competitors (or damage caused by competition), although they sometimes develop 63 without any clear cue (Chornesky, 1983; Einat & Nanette, 2006) . At the end of their 64 development, STs can be up to 30 times longer than CTs ( Figure 1B) , and have not been 65 observed to participate in feeding. The contact of a ST with the tissue of a target organism 66 results in tissue damage (lesions) which can also be associated with a cessation of skeleton 67 growth along the contact region between the two competing colonies ( Figure 1A ). In at least 68 some organisms, STs are temporary structures, regressing after destroying the opponent's 69 tissue (Chornesky, 1983) . 70 While the presence of STs in different corals and their ecological role in territorial aggression 71 have been extensively studied (primarily during the 1980's), little is known about the 72 mechanism of aggression at the molecular and biochemical levels. Cnidarians are known to 73 produce complex and highly effective toxins that are used to catch prey and defend Wilson, 2019)). These toxic cocktails are typically injected into prey or predators through 76 specialized stinging cells called nematocytes (Beckmann & Ozbek, 2012; Tardent, 1995 & Yamazato, 1984) . Thus, while it is likely that the nematocysts and the toxins they produce 88 have an important role in aggression, the specific mechanisms underlying the aggression at 89 the molecular level are currently unknown. 90 To obtain insights into the mechanism of territorial aggression, we performed in-depth 91 comparison of the CTs and STs of the Indo-Pacific scleractinian coral Galaxea fascicularis at 92 the histological, biochemical and molecular levels. Galaxea fascicularis is a massive (boulder-93 shaped) coral that is known to be highly aggressive, both towards other species and towards 94 genetically-different clades or morphotypes from the same species (Abelson & Loya, 1999; 95 Genin, Karp, & Miroz, 1994) . G. fasciularis develop ST in response to the presence of a 96 potential competitor (Hidaka & Yamazato, 1984) , and may also use their mesenterial 97 filaments for aggression (Evensen & Edmunds, 2018) . The STs of G. fasciularis have been 98 studied from an organismal-behavioral point of view (e.g. the effect of genetic similarity and 99 of flow (Genin et al., 1994; Hidaka, 1985) ), and the dynamics of their development have been 100 characterized (Hidaka & Yamazato, 1984) . We therefore employed a comparative 101 transcriptomics approach, and we discuss specific genes and pathways differentially 102 expressed between the two tentacle types in relation to detailed observations of the 103 histology of the two tentacle types, their nematocyst complements and their toxicity 104 (neurotoxic, hemolytic and phospholipase A2 activities). nematocytes were observed also at the tip of the STs, these were less dense than in the CT, 228 and there were many more mucous secreting cells compared with the CT (Figure 1J Overview of the transcriptome assembly and differential gene expression patterns. 253 To obtain an overview of the molecular differences between CTs and STs, we sequenced, 254 assembled de-novo and annotated transcriptomes from the two tentacle types of four 255 different specimens of G. fascicularis. We also sequenced whole-body transcriptomes from 256 three specimens, with the aim of obtaining a comprehensive transcriptome database. The 257 final database comprised a total of 28,588 putative genes, somewhat more than predicted 258 from a recently published draft genome (22,418, (Milde et al., 2009)). Clear differences were 259 observed between the transcriptome profiles of the two tentacle types, and between them 260 and the whole-body samples ( Figure 3A ). Despite the clear clustering of the samples based 261 on tentacle type, significant variability was observed between the same tentacle types from 262 different colonies ( Figure 3B ). Such inter-colony variability is in agreement with previous 263 studies ( Seneca & Palumbi, 2015) . Pairwise comparisons between the two tentacles type 264 revealed that 1585 genes were more highly expressed in the STs compared to 1165 genes 265 more highly expressed the CTs (Supplementary Excel Table) . Enrichment analysis showed 266 that 14 Gene Ontology (GO) terms were enriched among the genes more abundantly 267 expressed in the STs, whereas only two were enriched in the CT ( Figure 3C 2019)). Therefore, to begin elucidating the molecular mechanism 325 underlying the different ecological functions of the venoms, we searched for known 326 cnidarian toxins in the transcriptomes of the CTs and STs. In total, we identified 23 genes 327 encoding putative toxins that belong to four different classes of toxins: hemolytic toxins, 328 phospholipase enzymes toxins, metalloprotease and Kunitz type toxins ( Figure 4A ). We also 329 measured the paralytic, hemolytic and phospholipase A2 activity of tissue extracts from both 330 tentacle types, in order to seek potential relationships between the expressed genes and 331 actual toxic activities. 332 We identified five genes encoding putative hemolytic toxins, belonging to two distinct Figure 4A ). In agreement with the expression of genes encoding putative hemolysins, both 340 tentacle types exhibited hemolytic activity, with the CT extracts being approximately 3-fold 341 more hemolytic than the STs ( Figure 4B ). 342 We also identified eight different genes encoding putative Phospholipase A2 (PLA2) toxins, 343 which had the highest levels of expression and also the highest fold change between tentacle 344 types of all putative toxin-encoding genes (e.g. up to ~900-fold higher expression level of one gene in the STs compared with the CTs, Figure 4A ). Four of the putative PLA2-encoding genes 346 were more abundantly expressed in the CTs and four in the STs ( Figure 4A ). In this case too, 347 PLA2 activity was identified in the extracts of both tentacles, but in contrast to the hemolytic 348 activity was significantly stronger in the STs (Figure 4C ). Genes encoding metalloproteases 349 were also identified, and were more abundantly expressed in the STs 350 ( Figure 4A ). 351 Paralyzing prey organisms is the basic role of cnidarian venom used to catch prey, and, as Histological adaptations for prey capture vs territorial aggression 384 Several major histological differences were observed between the CTs and the STs, with 385 perhaps the most apparent being the lack of ectodermal cilia and the higher density of 386 mucocytes in the ectoderm of the STs (including at the base of the tentacles, Figure 2 ). The 387 coral mucus is essential for many aspects of coral biology, including heterotrophic feeding, 388 protection from parasites, pathogens and environmental stresses, sediment cleansing and 389 structural support (Brown & Bythell, 2005 (Chadwick, 1988) , and may contain bioactive molecules or toxins (Stabili, Schirosi, Parisi, 396 Piraino, & Cammarata, 2015). It is noteworthy that some of the most aggressive corals, 397 including Galaxea fascicularis, are known to produce copious amounts of mucous (Brown & 398 Bythell, 2005). Major differences were observed in the expression of genes encoding mucins 399 ( Figure 3D) , with many mucin-encoding genes more abundantly expressed in the STs. Mucins In the CTs of corals, one of the roles of the mucous produced by the ectodermal cells is to 413 produce a flow along the tentacles, bringing food particles towards the mount (Brown & 414 Bythell, 2005). This process is powered by the movement of ectodermal cilia, and is called a 415 ciliary-mucoid feeding. The lack of the cilia on the ectodermal surface of the STs supports 416 the notion that these tentacles do not participate in feeding, and suggest that qualitatively 417 different mucous might be involved in aggression compared to ciliary-mucoid feeding. In 418 contrast, the endodermal cells of both tentacle types exhibited flagella, which are involved in 419 circulating the gastrovascular fluid through the tentacles both as an internal transport system 420 and as the driving force for the tentacles' hydrostatic skeleton (Gladfelter, 1983) . No clear 421 differences were observed between the CTs and STs in the expression of genes involved in 422 the synthesis of cilia and flagella (Supplementary excel Table) . However, two histamine H2-423 like receptor genes were found more highly expressed in the CTs, and one such gene was 424 more abundantly expressed in the body, with no such genes more abundantly expressed in 425 the STs (Supplementary Excel Table) . Histamine H2 receptors have been shown to play part 426 in the mucociliary transport mechanisms in ascidians and mollusks, by controlling ciliary beat 427 frequency (Cima & Franchi, 2016 ; P. Williams, Akande, Catapane, & Carroll, 2013). The lower 428 expression of these genes in the ST may be due to the lack of cilia and of the muco-ciliary 429 transport mechanism in these tentacles. The discharge of nematocytes in cnidarians is a highly regulated process. While nematocytes 464 may discharge when stimulated individually, they are innervated and regulated by the 465 cnidarian nerve net (Tardent, 1995) . Given that the nematocytes of the CTs need to 466 discharge in response to mobile prey, whereas those in the STs need to respond to closely-467 related sessile targets, it is likely that the processes regulating their discharge are different. 468 Little is known about the discharge mechanism of nematocytes involved in aggression, 469 although an electrical "action potential" was measured in the acrorhagi of sea anemones in One organism, two tentacles, two functions, two venoms 482 The primary function of the catch and sweeper tentacles are to affect target organisms, 483 presumably using nematocyst-derived venom or other, non-nematocystic, toxins. For the 484 CTs, the targets are the coral's prey or predators. In the case of prey, the venom needs to 485 cause rapid paralysis, enabling the sessile predator to catch and eat mobile prey (Brodie, 486 2009). In the case of predator deterrence, pain production rather than paralysis might be a The coral reef is a highly competitive place, where the morphologically simple and sessile 544 corals need to be able to "fight" in parallel on different fronts -catching prey, defending 545 themselves against predators and competing in territorial aggressive encounters with other 546 corals. We propose a conceptual model describing some physiological and molecular 547 features of the two different tentacle types of Galaxea fascicularis, each of which has 548 evolved to address a different ecological challenge. The CTs are adapted to catch prey using 549 paralytic toxins and hemolysins, likely injected through the MpM nematocytes, with 550 spirocytes helping to entangle the prey. The prey is then transferred to the mouth using cilia 551 combined with a mobile mucous layer, and the ciliary beating is controlled by the Histamine 552 H2 system. The ST, in contrast, actively "search" for their long-distance targets, with the 553 tentacle length and movement (and potentially the nematocyte discharge) controlled by the 554 opsin and allostatin sensory systems. Once the target organism is identified, the ST deliver 555 primarily enzymatic venom through the two different MbM nematocyte types, as well as 556 (potentially) as part of the extensive non-nematocytic mucous secretion. We speculate that 557 the ST mucous may have a higher relative composition of membrane-bound glycoproteins 558 (such as mucins), thus being less of a "mobile" or flowing mucous cover. This mucous might 559 also play a role in the recognition of self vs non-self tissue. This conceptual model is based 560 on histological observations, functional toxicity assays and analyses of differential gene 561 expression, and provides several hypotheses that can be tested using experimental tools 562 currently available for non-model corals such as Galaxea fascicularis. 563 The venom of one organism -the coral -needs to produce three different functional 564 outcomes -paralysis, pain and tissue degradation. The need for venom to fulfill different 565 roles is not unique to corals -scorpions, cone snails and assassin bugs, for example, each 566 produce multiple venom cocktails that nevertheless are injected through the same venom Our results also leave many questions open. For example, the genes more abundantly 578 expressed in the ST are enriched with the GO terms "oxygen binding" and "heme", yet the 579 relationship between these molecular functions and the biology of the STs is still unclear. 580 Genes encoding RNAase, transcription factor binding and ubiquitin-protein transferase 581 activities are also enriched in the ST, suggesting a constant dynamic remodeling of these 582 tentacles, a process that has yet to be studied in detail. Finally, approximately 34% of the 583 genes identified in the transcriptome could not be functionally annotated, including 4% of 584 the genes differentially expressed between the CT and the ST. This highlights the richness of 585 molecular functions still to be discovered that allow these corals to survive and thrive on the 586 coral reef. 
